An isotope dilution model for partitioning leucine uptake by the liver of the lactating dairy cow is constructed and solved in the steady state. If assumptions are made, model solution permits calculation of the rate of leucine uptake from portal and hepatic arterial blood supply, leucine export into the hepatic vein, leucine oxidation and transamination, and synthesis and degradation of hepatic constitutive and export proteins. The model requires the measurement of plasma flow rate through the liver in combination with leucine concentrations and plateau isotopic enrichments in arterial, portal and hepatic plasma during a constant infusion of [1-13 C]leucine tracer. The model can be applied to other amino acids with similar metabolic fates and will provide a means for assessing the impact of hepatic metabolism on amino acid availability to peripheral tissues. This is of particular importance when considering the dairy cow and the requirements of the mammary gland for milk protein synthesis.
Introduction
The ability to predict accurately dietary nitrogen utilization for production in the ruminant depends on a clear understanding of amino acid flows from the gut to productive tissues. In other words, it depends on an accurate description of the regulation of intestinal amino acid supply, absorption of these products from the gut, metabolism by gut and liver tissues and subsequent use by peripheral tissues. Whilst each of these processes is important, a major site of net loss of digested and absorbed amino acids (and peptides) in a lactating dairy cow is the liver (Reynolds et al., 1988; Danfaer, 1994) . In many cases, up to 80% of the free a-amino nitrogen appearing in the portal vein is removed by ruminant liver metabolism (Reynolds et al., 1991 (Reynolds et al., , 1992a Huntington, 1989; Seal & Reynolds, 1993) . Whilst the liver is a major site of oxidation, some of the extracted amino acids can be used for protein synthesis and other †Author to whom correspondence should be addressed. E-mail: j.france.reading.ac.uk synthetic processes. The first step in amino acid oxidation is generally deamination, after which some of the carbon skeletons can be used subsequently for glucose synthesis. The nitrogen arising from deamination can be used for de novo synthesis of non-essential amino acids or in urea synthesis (Seal & Reynolds, 1993; van der Walt, 1993) .
There is a variety of mechanisms that exert a coordinated effort to control the rate of amino acid extraction and deamination in the liver. Energy and amino acid supply relative to body requirements represents one major influence on the rate of amino acid deamination (Elwyn, 1970; Munro, 1982; Meijer et al., 1990; Reynolds et al., 1992b; Benevenga et al., 1993; Reynolds, 1995) and numerous experiments have been conducted using radio-isotopes to determine the partitioning of particular amino acids taken up by the liver into oxidation, glucose synthesis, protein synthesis, etc. (Wolff & Bergman, 1972; Heitmann & Bergman, 1978 , 1981 Pell et al., 1986) . More recently, stable isotopes have been used to describe unidirectional amino acid uptake and use for protein synthesis in the liver (Lobley et al., 1995 (Lobley et al., , 1996 Reeds, 1992) .
Models of ruminant liver metabolism have been developed that are useful in analysing and interpreting data for non-nitrogenous nutrients and non-protein N (Waghorn, 1982; Freetly et al., 1993; Danfaer, 1994) ; however, to our knowledge, a similar model has not been developed for the analysis of isotopic data for individual amino acids. The primary objective of this work was to develop a steady-state model of liver leucine metabolism adequate to analyse in vivo isotopic data in the lactating dairy cow.
The Model
2.1.   Leucine (LEU) taken up by the liver is available for protein synthesis and for catabolism to provide N for non-essential amino acid synthesis and carbon skeletons in support of energy requirements. LEU used for protein synthesis can be incorporated into albumin, lipoproteins, fibrins and other proteins which are subsequently exported from the liver, or incorporated into constitutive liver proteins such as structural proteins and enzymes.
LEU catabolism involves a series of steps ( Fig. 1) , the first of which is reversible and is catalysed by LEU transaminase which transfers the NH 2 group of LEU to a-ketoglutamate yielding one mole each of glutamate and a-ketoisocaproate (KIC) from a mole each of a-ketoglutarate and LEU, respectively. As the carbon skeleton for the synthesis of glutamate is derived entirely from a-ketoglutarate, labelled carbon is not transferred from [1-
13 C]LEU into the glutarate pool at this step. A subsequent series of reactions results in the generation of one mole each of acetoacetate, acetyl-CoA, ADP, NADH and FADH 2 . The labelled carbon in the number one position is lost as CO 2 , but a mole of CO 2 is also utilized in the catabolic process resulting in no net change in CO 2 production. However, labelled carbon in the number one position would exchange with the whole-body CO 2 pool (Pell et al., 1986) .
Acetyl-CoA can enter the tricarboxylic acid (TCA) cycle or be used for de novo fatty acid synthesis. The majority of the labelled carbon in the acetyl-CoA that enters the TCA cycle would be recovered in CO 2 , although some label would also appear in a-ketoglutarate and oxaloacetate and ultimately in other metabolites such as glucose, glutamate, glutamine, aspartate and asparagine. As these amino acids are also used for protein synthesis, additional label could be incorporated into protein thereby resulting in a slight overestimate of protein synthesis when only considering LEU as a source of label for protein synthesis (Reeds, 1992) .
Acetoacetate can be activated to acetoacetylCoA and subsequently enter the TCA cycle as acetyl-CoA or can escape the cell as acetoacetate or b-hydroxybutyrate (Lehninger, 1975) . The ratio of acetoacetate:b-hydroxybutyrate leaving the liver is dependant upon the NAD:NADH ratio in the liver, i.e. greater NADH concentrations result in greater b-hydroxybutyrate concentrations. The rate of entry of acetoacetate into the TCA cycle is thought to be dependant upon the availability of CoA and the concentration of ATP (substrates for the reaction). 2.2.   The simplified scheme based on carbon flows adopted for the proposed model of LEU metabolism by the liver is shown in Fig. 2(a) The scheme adopted for movement of label is shown in Fig. 2(b) . Labelled [1-
13 C]LEU is infused systemically at a constant rate and the enrichment of the pools monitored. The scheme assumes that the only entries of label into the system are into the KIC and LEU portal vein pools via fluxes I 1 and I 3 , respectively, and into the hepatic artery pools via fluxes I 2 and I 4 , and that the duration of the infusion is such that the enrichment of constitutive protein can be regarded as negligible.
Conservation of mass principles can be applied to each pool in Fig. 2 to generate differential equations which describe the dynamic behaviour of the system. For total (isotopic plus non-isotopic) LEU, these differential equations are (mathematical notation is defined in Table 1) : When the system is in steady state with respect to both total and labelled matter, the derivative terms in eqns (1)- (18) are zero and the equations become: Note that, for the scheme assumed, the enrichments of the intracellular LEU and export protein pools equalise in steady state (i.e. e 6 = e 7 ). Therefore, eqns (7) and (16) ), can be used to calculate a fractional synthesis rate for total liver protein (based on albumin) by assuming a molecular weight for LEU of 131 Da, a LEU concentration in albumin of 10.48% by weight (Peters, 1985) , and a total hepatic protein content for a Holstein-Friesian in mid-lactation of 2.13 kg (Gibb et al., 1992) .
Model solution does not allow separation of the export protein synthesis and degradation fluxes F 76 and F 67 , but merely permits calculation of their difference, i.e. net synthesis [eqn (42)]. However, separation could be achieved by assuming that a fixed proportion (00.1) of the nascent protein is cleaved and degraded during the docking and secretory processes (Razooki Hasan et al., 1982) .
The model is applied by using eqn (38) et seq. to compute the steady-state flux values.
Application
Application of the model is illustrated using data from two experiments conducted at our laboratories with multicatheterised, mid-lactation cows.
The data from the first (a preliminary) experiment (C11) relates to a pluriparous Holstein-Friesian cow (liveweight c. 670 kg). The cow was adapted to a diet consisting of 40% grass silage and 60% concentrate, on a dry matter (DM) basis, for a period of 3 weeks and fed hourly by autofeeder. Daily intake was 17.5 kg DM and dietary crude protein (CP) level was 155 g kg − 1 DM. Blood samples were taken on one day in the week following dietary adaptation. During the sampling period, [1-13 C]LEU was infused for 8 hr into the jugular vein and blood samples were taken from the carotid artery, and the portal and hepatic veins (Reynolds et al., 1988) .
The data from the second experiment (C16) relates to multiparous Friesan cows (average weight c. 550 kg) fed grass silage (16% CP) and concentrate (12% CP) hourly in a 40:60 DM ratio. Average daily intakes were 16.1 kg DM. The cows were given constant mesenteric vein infusions (2.2 ml min − 1 ) of saline for 3 d, followed by a sterile, buffered mixture of total amino acids for a further 3 d. The total amino acids were administered at a daily rate equivalent to the amino acids in 600 g milk protein.
On day 3 of both saline and amino acid infusions, the animals received a constant jugular vein infusion of [1-
13 C]LEU (700 mg hr − 1 ) for 8 hr and blood samples were taken simultaneously from catheters in the dorsal aorta and the portal and hepatic veins for the measurement of blood flow rate (by PAH infusion) and nutrient metabolism by the portal drained viscera and liver.
The relevant experimental measurements are given in Table 2 . They are reported for the one animal in the preliminary experiment, and for four animals during the saline infusion and two animals during the amino acid infusion in the second experiment. They are based on plasma rather than whole blood values. LEU measurements are based on free rather than total (i.e. free plus bound) plasma LEU. The effective isotope flows to the liver I 1 to I 4 were obtained from portal/arterial concentration and enrichment of KIC and LEU and portal/arterial plasma flow. The fluxes F 08 and F 09 were determined from hepatic measurements of plasma flow and KIC and LEU concentration.
Four of the measurements shown in Table 2 , namely the intracellular enrichments e 5 and e 6 and the fluxes F 05 and F 07 , were not made in the experiment and therefore had to be estimated. The intracellular enrichment of KIC, e 5 , was set equal to the corresponding hepatic measurement, e 8 , following Harris et al. (1992) for the tissues of the hindlimb. Eisemann et al.
(1989) measured liver intracellular free LEU specific radioactivies (SRA) in beef steers after 6 hr of infusion of [1-14 C]LEU into the jugular vein. The samples were obtained while the animals were anaesthetized and whilst maintaining the isotope infusion. The ratio of hepatic intracellular LEU SRA to plasma free LEU SRA at the jugular vein was 0.36 with a standard error of 0.04. Therefore the missing intracellular free LEU enrichment, e 6 , was estimated as 0.36 times the corresponding arterial enrichment, e 4 . The flux F 05 was obtained from labelled CO 2 elevation in plasma flow across the liver and intracellular KIC enrichment, by assuming 0.45 of the increase in labelled CO 2 is derived from intracellular oxidation and degradation of KIC (Pell et al., 1986 ; for maintenance-fed sheep). The export protein flux, F 07 , was asigned the value 58.2 mmol min − 1 , estimated for a lactating Holstein cow by Freetly et al. (1993) using data from rats.
The model calculations obtained from these experiments are presented in Table 3 , and the sensitivity to perturbations (250%) in the measurements which had to be estimated (i.e. e 5 , e 6 , F 05 and F 07 ) are shown in Table 4 for one cow.
LEU extraction by the liver from the portal vein and hepatic artery supplies is 17.7% on average (Table 3) . However, the influx into the intracellular free LEU pool from the portal and arterial pools is, however, markedly sensitive to e 6 , the intracellular free LEU enrichment (Table  4) . Doubling the estimate of e 6 requires, in particular, an increase in the amount of LEU extracted and a decrease in the turnover of constitutive liver protein. The degradation of constitutive protein plus undefined sources (F 60 ), and the portal and arterial supply (F 63 and F 64 ), contribute almost equal amounts of LEU to the intracellular free LEU pool (between 49.1 and 54.6% from F 60 ). The hepatic vein outflow of LEU is slightly lower than LEU inflow for the cows in the second experiment, but in the first experiment, LEU hepatic outflow is much larger than LEU inflow (7022 vs. 5526 mmol min − 1
). This net release of LEU is contrary to the general observation that the liver is a net utilizer of amino acids, and is probably due to feeding a low protein diet.
Only a small part of the LEU uptake is catabolized in the liver (F 56 ; between 0.8 and 4.5 mmol min − 1 in Table 3 ), in line with the assertion that branched chained amino acids are catabolized in the muscle tissues (Pell et al., 1986) . The calculated portion of LEU catabolized is varied by changing the liver intracellular KIC enrichment, e 5 (which is set to the corresponding hepatic measurement, e 8 , herein), and a reduction of this value increased the net oxidation of intracellular LEU in the liver by an order of magnitude (Table 4) . Both positive and negative perturbation of e 5 produces significant divergence between venous and intracellular KIC enrichment, causing a decrease in the KIC uptake flux F 51 and consequently an increase in the bypass flux F 81 .
The calculated fluxes are not sensitive to the value of the export protein flux, F 07 , apart from the net incorporation of LEU into export protein, F 76 − F 67 , and the incorporation into constitutive protein, F 06 . Equally, sensitivity to the KIC oxidation flux, F 05 , is small, and only LEU incorporation into constitutive protein (F 06 ), degradation of constitutive protein (F 60 ), and LEU influx from KIC (F 65 ) changed. Thus, the sensitivity analysis demonstrates that in contrast to e 5 and e 6 , it is not paramount to determine experimentally the export protein flux or the KIC oxidation and degradation flux.
The constitutive protein synthesis rate is always much larger than the export protein synthesis rate, the contribution of the former ranging between 72.5 and 91.1% of the total rate of protein synthesis rate (Table 3) . FSR for liver protein is on average 42.2%/d, but varies widely (17.9 to 55.5%/d). This is consistent with liver protein FSRs reported for other ruminants, for example, 9 to 31%/d for lactating goats (Baracos et al., 1991; Champredon et al., 1990) , 7 to 39%/d for (non-lactating) cattle (Lobley et al., 1980) , and 15 to 57%/d for sheep (Lobley et al., 1992) . These values, however, are generally exclusive of export protein. Constitutive protein synthesis rate, and consequently FSR of liver protein, is highly sensitive to LEU intracellular enrichment (Table 4) , and doubling this value significantly reduces the constitutive protein synthesis rate and the liver protein FSR. synthesis into constitutive tissue and export but as with any continuous infusion approach, requires an accurate estimate of the enrichment in the precursor pool. The model assumes a single homogenous pool from which both constitutive and export proteins are synthesised. This is possibly an over-simplification that has consequences for the estimation of protein synthesis. There is limited evidence which suggests that proteins destined for export are probably synthesised on the rough endoplasmic reticulum (ER) and preferentially utilise amino acids as they enter the cell (Fern & Garlick, 1976) . Such cellular compartmentalisation is achieved, at least in part by the selectivity conferred by the 3' untranslated region of mRNAs (Hesketh, 1994) . As the ER is associated with extracellular components of the cell, the isotopic activity of free amino acids in this part of the cell will be closer to that of blood. Recent data in ruminants has supported this theory, demonstrating that the enrichment of hepatic apolipoprotein B100 is most closely represented by the enrichment in the hepatic vein plasma pool (Connell et al., 1997) . In contrast, constitutive proteins are synthesised on polysomes within the cell cytosol and the precursor pool would include intracellular free amino acids or perhaps preferential use of amino acids released from protein degradation (e.g. Smith & Sun, 1995) . The concept of cellular compartmentalisation may need to be incorporated into compartmental models of protein turnover in the future.
Discussion
4.2.       The choice of which precursor pool best represents the enrichment of the true precursor has to be made from the accessible free amino acid pools, e.g. vascular inflow or outflow, tissue homogenate, etc. For the present model, intracellular free LEU enrichment was assumed to be the best indicator of precursor pool enrichment, though it had to be estimated. As discussed previously (e.g. France et al., 1988; Crompton & Lomax, 1993) , direct measurement of the aminoacyl-tRNA would provide the true precursor enrichment, but in practice, requires a sample of tissue and has the accompanying concern that the turnover of the aminoacyltRNA species is more rapid than extraction techniques (0.3-3 s for rodent valyl-tRNA; Smith & Sun, 1995) . Furthermore, the values obtained represent only a mean value for the tissue and do not distinguish between different aminoacyl-tRNA pools which may support constitutive and export protein synthesis.
In the present study, intracellular free LEU enrichment was not measured directly and estimated as 0.36 times the corresponding free LEU enrichment in the arterial pool (e 4 ), following Eisemann et al. (1989) for cattle. Recent studies across the splanchnic tissues of sheep using the continuous infusion approach have reported that the free [1-
13 C]LEU enrichments in the liver homogenate pool were 0.69 that of the arterial pool and 0.85 that of the hepatic vein pool in fed sheep (Connell et al., 1997) . Sensitivity analysis has indicated that intracellular free LEU enrichment has the greatest influence on LEU flow in the model and consequently on the estimates of constitutive protein synthesis rate (Table 4) . A concern with our estimate of intracellular LEU enrichment is that the ratio of free LEU enrichment in vascular to intracellular pools appears to differ between animal species and their physiological state. Other workers have used LEU enrichment in the arterial supply and venous drainage to provide a range of estimates (e.g. Lobley et al., 1995) , as indicated above.
4.3.       Another approach is to use the venous enrichment of KIC as an indicator of intracellular LEU enrichment, as the enrichment of KIC produced by the tissues studied is believed to reflect the intracellular LEU enrichment of those tissues (Harris et al., 1992) . A concern with this approach is the influence of arterial KIC on venous enrichment, i.e. pool 8 is dominated by F 81 and F 82 rather than F 85 . There is only a small change in enrichment of KIC between the portal vein pool (e 1 ) and the hepatic vein pool (e 8 ) which may be the result of little exchange (both uptake and release) across the liver. Indeed our estimate of intracellular KIC enrichment (e 5 ) (set equal to .  ET AL. 132 hepatic vein KIC enrichment e 8 ) differs appreciably from our estimate of intracellular LEU enrichment (set at 0.36 times arterial enrichment). An alternative approach, which has been applied for muscle studies, is to set intracellular KIC enrichment equal to intracellular free LEU enrichment. The relative inflows of bypass vs. intracellular outflow can then be calculated from the enrichment of KIC in the hepatic vein pool (e 8 ). These data emphasise the importance of obtaining a direct measurement of liver intracellular free LEU and KIC enrichment at the same time as the vascular samples are being taken.
An alternative approach to measuring the intracellular enrichment directly, would be to isolate specific plasma proteins synthesised in the liver and measure their enrichment. The protein would ideally have a fairly rapid turnover in order to achieve plateau enrichment during a relatively short-term infusion. Recent studies in ruminants have used apolipoprotein B-100 as an indicator of hepatic protein synthesis during a 12 hr infusion of isotopically labelled amino acids (Connell et al., 1997) . Another option would be to isolate a plasma protein with a much longer half-life from the samples taken during the course of the isotope infusion and predict plateau enrichment from the rate of increase during the infusion.
 
A notable observation from the present modelling exercise is the magnitude of the contribution of degradation from constitutive protein and undefined sources, F 60 , to the intracellular free LEU pool required to resolve the model. The fact that the FSRs for liver protein for lactating dairy cows obtained using the model are consistent with estimates reported in the literature for other ruminants lends more confidence to the calculated flux values.
Just as accurate measurements of precursor pool enrichment are critical for the use of labelled amino acids to determine tissue protein synthesis generally, the measurement of intracellular free LEU and KIC enrichment are crucial components of the present model, yet had to be estimated along with liver export protein in order to apply the model using the data available from the two experiments. If the model is to be applied more rigorously, future in vivo studies should measure simultaneously the intracellular free LEU and KIC pools and liver export protein, along with the plasma enrichments and flow rates measured in the present work.
